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Grant AFOSR-82-0332, Final Technical Report
(October 1982-December 1984)

STUDY OF VACUUM ULTRAVIOLET GENERATION BY

COHERENT RESONANT FREQUENCY MIXING IN METAL VAPORS

I. GENERAL OBJECTIVES

The general long term goal of this project is to demonstrate
an efficient nethod of frequency up-conversion, using
si-multaneously "resonant" and "coherent" enhancement. Conditions
of multiphoton resonances are sought to enhance the nonlinear
susceptibility responsible for harmonic generation. Coherent
propagation effects are exploited to minimize depletion of the
fundamental by the (multiphoton) resonant absorption and by

*photoionization, and to maximize the distance over which phase
matching is maintained. We have demonstrated experimentally the
theoretical maximum conversion efficiency of 0.5%, for the full

- beam cross section, in lithium vapor (section IV). A theoretical
* study has been made in preparation for experiments of 5th

harmonic generation in condition of four photon resonant coherent
interaction in mercury vapor (section V).

This project leads also to a analytic technique to measure
nonlinear susceptibilities. The measurements of third harmonic
versus phase difference between a pair of exciting pulses
presented in section IV enabled us to measure for the first time
the phase angle of the nonlinear susceptibility.

Harmonic generation is only one of many applications that
can be enhanced by multiphoton resonant coherent interactions. it
is shown in section VI that a technique of multiple pulse
sequences can be used to achieve spectral selectivity with

ultrashort pulses, even in broadband molecular systems.
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II. BASIC APPROACH

With the availability of shorter and shorter pulses, hence

higher peak intensities, one might expect simultaneous

improvements in nonlinear optical techniques such as sum and

difference frequency generation. However, as the pulse become

shorter, their increased bandwidth will interact with a larger

number of levels of the atom, leading to very complex propagation

characteristics, and increasing losses of energy through

multiphoton absorption. As the pulses become shorter than the

phase relaxation times of the media involved, there is a

possibility to reverse the energy transfers between matter and

radiation, and return to the fields the energy once lost by

absorption. The purpose of this study is to find a way to take

advantage of the reversibility of light matter interaction with

ultrashort coherent interaction, to enhance the efficiency of sum

frequency generation. The general :ethod sought is to "prepare"

the medium with a first pulse, and use a second pulse to convert

U back to The radiation field, at the desired wavelength, all the

* energy lost to the medium by the first pulse. in this particular

project, the nonlinear medium is excited by a sequence of two

pulses.

*. One may already wonder at this point whether it makes sense

to divide the available power into small fragments. Is the total

excitation not just the sum of that by each of the successive

pulses? Not if the pulses are shorter than the phase memory of

the matter - collision time or internal phase relaxation time -.

The relative phase of the pulses determ-ine which way the energy

is to flow - that is whether there will be absorption or

stimulated emission.

9There is a quantum jump in complexity in going from one to

two pulse excitation - because one is adding a dimen ion to the
problem: the phase. The experimental requirements are rather

stringent: the source has to be able to generate high power

tunable pulses with a uniform wavefront - an essential condition

in order to be able to define the phase - . One needs to be able

to adjust the relative phase and delay between the two pulses of

the sequence. The phase or frequency modulation of the pulses

should be small, or it would not be possible to define an average

phase for each pulse. Finally, resonant coherent interaction is

strongly dependent upon the pulse shape and frequency, which are

not particularly easy to determine with picosecond pulses.
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III. OVERVIEW OF THE SYSTEMS UNDER INVESTIGATION

The relevant energy levels of the two atomic system that

have been the object of this investigation are sketched in Fig. 1

below.

LiHg

Figure la Figure lb

'-"Relevant energy levels Relevant energy levels
•..-.,of lithium, of mercury.

~The first and simplest resonant enhancement to be considered

for harmonic generation is the two-photon resonance. As an

example, we have chosen to conduct experiments on the 2s - 4s
~transition in lithium vapor (figure la), for which all the

relevant parameters have been calculated i-. This atomic system is
".' (two-photon) resonant for radiation at 571 nm. The proper p&:tial
'-'-vapor of magnesium will phase match the third harmonic and

,,. fundamental. The energy density required to significantly

. .- populate the 4s state is of the order of 50 mJ/cm2. Some of the
experimental difficulties to overcome are:

a) Generation of pulses of 6 psec duration, 1 mJ energy,
~with a flat wavefront, a Gaussian beam profile, and no

*,.i- temporal phase modulation.

d) Splitting of these pulses into a sequence of two

v..Q.

b-•" identical pulses of well defined relative delay and

V-...-

f)"i phase.
" [[ e) Monitoring the phase difference between the two pulses of

233
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c) Production of an homogeneous mixture of Li and Mg near

1,000 0 C.
d) Finding a "transient phase matching condition" that is

• entirely different from the phase matching condition at

moderate intensities (or in the absence of coherent

interactions).

A two-photon resonance in a four photon process - as the one

involved in third harmonic generation - is a very particular case

of resonant interaction. Indeed, as shown in reference 1, the

pulse energy is the main parameter determining the relative

population transfers. For pulses shorter than the phase

relaxation (elastic collision time), the time is only a scaling

parameter (for instance, shorter pulses will produce the same

amount of third harmonic than longer pulses of the same energy).

This is non longer the case when higher order resonances are

involved.

The next system under investigation is mercury vapor excited

in conditions of four photon resonance (figure ib). There are two

resonances that are accessible to amplified picosecond dye

lasers: the 6s - 6d transition (four photon resonance for

radiation at 561 nm), and the 6s - 7s transition (four photon

resonance for radiation at 625 nm). The case of a four-photon

resonance is much more complex than that of a two-photon

resonance, because Stark shifts of various order become important

at the intensities required for effective four-photon excitation.

In addition, the pulse duration becomes an important parameter,

since, at constant pulse energy, the population transfers will be

largest for the shortest pulses.

in the particular case of the 6s - 6d transition of mercury,

the 6p level is close to 3/4 the energy of the 6d level,

resulting in a resonant enhancement of the Stark shift of the 6s

. - 6d transition. This Stark shift is so important that, for

femtosecond pulses of 5 J/cm 2 tuned to 1/4 of the 6s - 7s

transition frequency, the 6s - 6d transition becomes also near

, resonant!
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IV. COHERENT INTERACTIONS IN LITHIUM VAPOR
IV.l. The Laser Oscillator-Amplifier System

We have constructed a laser oscillator-amplifier system 2

. capable of producing single pulses of 1 mJ energy, at a

*. repetition rate of 10 Hz, tunable around 570 nm. The amplifier is

"0 sketched in Fig. 2 below. Design details can be found in Appendix

A (ref. 2). The first two stages are pumped transversally, and

the last one longitudinally. Coupling between the first stages is

minimized by synchronizing the first stage at the leading edge,

while the second stage is synchronized at the trailing edge of

the pump pulse. The amplified spontaneous emission (ASE) after

the last stage is approximately 1% of the pulse energy, without

the use of any other isolator than a direct vision prism between

- the two first stages. Several dyes and solvents have been

investigated, which have a maximum gain and a minimum absorption

at 570 nm. The purpose of the small absorption for the unpumped

dye is to have the amplifier transparent to the unamplified beam,

3-STAGE AMPLIFIER

, OBS
W,< 2 o AMP YAG

[POL 14...m mm .-

7/0 16% OUT

IPLOL .OL

Im - -- cm.-- ,- 5cm

CELL I AND 2 AT BREWSTER ANGLE

Figure 2 Sketch of the Laser Amplifier.
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an essential condition to perform the critical alignments of the

interferometers used for the analysis of time and space
coherence. The combination of Hexdfluoroisopropanol (HFI) with
Rhodamine 6G shifts sufficiently the absorption and fluorescence
spectra of Rhodamine 6G to meet the conditions of no absorption
and maximum fluorescence at 570 nm. In view of the high costs of
HFI mixtures of water and HFI were investigated, which were
reported to combine the spectral shift of HFI and the thermal
conductivity properties of water 3. Unfortunately, the desired
spectral shift were not found in the water solutions, which
separated into tw,'o unmiscible components after a few days. For
operation at 570 nm, the latest choice of dye solutions is:

1
st stage: Rhodaine 6G .18 mM/l in Ethanol.

2,d stage: Rhodamine 6G .14 rM/l in Ethanol.
3rd stage: Rhodamine 6G in Water and Ammonix 0.01 mM/l.

Beam Profile Careful position of the pump beams relative to
the amplified beam in the last two stages
provides complete control over the spatial
intensity distribution, from "square" (fig.
3a) to Gaussian (fig. 3b).

SPATIAL PROFILE OF THE AMPL!FIEO BEAM

_. ..- " , I.,.
C4.>

" "-,'0 5

"5' DISTANCE rm)
-ISTAlCE DISTANCE mlm

Figure 3a Beam Profile Figure 3b
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" Spatial Coherence of the amplified pulse is demonstrated by achieving
uniform extinction of the beam in a Mack Zehnder
inter ferometer.

Temporal Coherence The measurement of temporal coherence is crucial to
the experiments of coherent propagation, and has been
used to test the laser sources, the scanning techni-
que, and the data acquisition system. Measurements as
the one shown in Fig. 4 indicate that the amplifier

does not introduce any phase modulation. The ampli-
fied pulse can best be represented by a Gaussian
temporal profile with a phase modulation g(t) propor-
tional to the pulse intensity (9 = 1.43 E2 ). This is

the first time that the technique of interferometric
autocorrelations 5 has been applied to the chirp

determination of synchronously mode-locked lasers.
The small phase modulation that we measure corres-
ponds to an increase of bandwidth duration product of
only 10 %, hence is too small to be determined by
conventional spectral measurements.

i0 ... : pcirne~lt1 r corc!!.,.

Dewry:
C-,s i ' J P;JS .I,' ,.. ..,,." "

- E : 5.27)? i6
01.43 F2

- / ._.[t,5 27/12

9 = -"

G-. ...............

%--

Figure 4
Interferometric autocorrelation of the 6.2 psec pulses
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IV.2. The Lithium-Magnesium Heat Pipe

Three successive prototypes had to be constructed to evolve
from the basic heat pipe design of Vidal and Cooper to an
instrument which confines a homogeneous, uniform and transparent
mixture of lithium and magnesium vapors, and that can be operated

continuously for several days at 1000 °C. The rather slow data
acquisition process (limited essentially by the slow repetition
rate of the laser oscillator-amplifier chain) imposes severe
constraint not only on the source stability, but also on all

other components of the experiment. Obviously the heat' pipe has
to be perfectly sealed, but in addition the outgassing of the

walls has to be continuously and selectively (i.e. without
pumping the He buffer gas) eliminated during the experiment. The
selective pumping was achieved with cryogenically cooled
molecular sieves. Another problem is a condensation of solid

lithium at the edges of the hot zone. The resulting accumulation
over several hours of an annular ridge of solid has been
sufficient to obturate the optical path, in the first two

prototypes. The problem of accumulation of lithium near the ends
is alleviated with the larger final version of the heat pipe, but
it still limits its continuous operation to roughly one week.

Phase matched third harmonic generation measurements have
been made in homogeneous mixtures of lithium and magnesium. The
relatively low vapor pressure of solid magnesium causes it to
escape (by sublimation) from the central region of the heat pipe
during the heating period. Once the lithium has melted, the
magnesium is trapped with the lithium vapor in the central
region. Attempts to introduce the magnesium in the hot heat pipe
(after the lithium has melted) have been abandoned as too
hazardous.

* .
[ A fourth heat pipe which consists in an upper and lower plan

. circular electrode with a central mesh, separated by a pyrex
cylinder, has been constructed. This heat pipe is intended for

measurement of photoionization.

8.'
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IV.3. The Data Acquisition System

The experimental set up is sketched in figure 5. The beam
from the oscillator-amplifier is sent through a "pulse sequencer,

- which splits each pulse into two pulses of continuously
. increasing relative phase and delay. The two pulse sequence

energy is monitored by D 3 before being sent through the heat

pipe. The transmitted signal(s) is (are) monitored by D 4 . All

detectors at the fundamental laser wavelength (Dl, D3, and D4 are-.. :-'combination of frequency doubling KDP crystals, filters, and UV

detectors. In addition to discriminating the amplified pulses

from the nonamplified pulse train (which has a higher average
power), this second harmonic detection scheme provides more

*accurate transmission measurements.

0Ne

*RN

-- - ... - , . .. .... i PU LS E

MICROCOMPUTER

" ' - - 1 S E C

Figure 5: Experimental set up
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A Mack Zehnder interferometer 7 is used to create the
sequence of two pulses with continuously increasing phase and
delay (as needed for the experiments of coherent propagation, as
well as for the analysis of pulse coherence). The (collimated)

beam produced by the amplifier is split into two parts by an
adjustable beam splitter (based on frustrated total internal

*[ reflection). One beam is given a fixed delay by a combination of
fixed prisms optically contacted together, while the other beam

* is sent through an adjustable optical delay line, before being

recombined with the first one with another adjustable beam

splitter.

The phase and delay are really one single parameter. As the
delay is scanned continuously, the phase increments by 27r for
every delay increment of a wavelength of .57 micron. With a pulse

repetition rate of 10 pps, the translation speed of the delay arm
of the interferometer should be less than .1 microns/s in order

to have at least 20 data points per period! Such a low speed is
incompatible with a smooth continuous motion. Because of solid
friction in the drive, the delay stops moving, then jumps a
wavelength or more, making it impossible to maintain and
determine the delay and phase with interferometric accuracy. The
solution is to maintain the translation speed high enough for
continuous motion, to monitor continuously the phase, and to

store the data points of successive periods (for example 100
periods) into an "equivalent" period. The exact value of the
phase is determined by monitoring the transmission of a He-Ne
laser through the same delay line. This monitoring is essential,
because even the best synchronous motor -drive for the delay line
does not provide a continuous speed for the translation stage,
because of the errors introduced by reduction gears. The exact
optical delay X in the pulse sequencer is determined (with an
accuracy better than 0.03 micron) from the (cos )-I of the He-Ne
laser intensity recorded by the detector D2.

The amount of averaging that can be done is directly related
to the duration and coherence of the pulses. The criteria are
those of the slowly varying approximation: the averaging can only
be performed over the number of cycles over which the pulse
amplitude and phase can be considered to be constant. With our

-. 6.2 psec pulses, the maximum number of periods over which the
data could be averaged is at most N = 300. As the delay is being
continuously scanned, the data are accumulated for a total delay

10
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increment of Xmax = N) (where X is the wavelength of the pulses),
and sorted according to their relative phase:

.Ap= 27r (X - n)

The accuracy of the averaging process is directly related to the
accuracy in the determination of the wavelength. If, for

instance, we choose to divide the 2fr phase interval in 23
segments, and average the data over N =100 periods, the maximum

allowable error in the wavelength determination is X/2500. Fig. 6
below shows an example of such an averaging over 100 periods, of

the second harmonic of the signal created by the pulse sequencer,
as recorded by D3 , normalized to the second harmonic of the pulse

--orom the laser source, as recorded by Dl. In that particular
recording, the data points were sorted in 25 phase sectors.

0.56

0.48

CwS 0.40

0.32

0.24

0.16 I I

0.00 0.05 0.10 0.15 0.20 0.25

CHANNEL N X10 2

Figure 6 Recording of signal versus phase
(averaging over 100 periods, 25 phase sectors)
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The accuracy of the averaging process can be improved by

computing, for each phase sector, the average phase as well as

the average signal. This procedure is particularly useful in the

cases when the signal has a complex dependence on the phase

difference, as in the examples shown below.

Finally, since the interaction is energy dependent and the
cjain factor of te amplifier fluctuates, the data are grouped

ccording to the input energy as recorded by the detector Dl.

-V..4. Nonlinear Transmission

With the heat pipe cold, the detectors in D 3 and D2

record the interferometric autocorrelation shown in Fig. 4. The

data acquisition microcouputer stores also the average of this

,unction over each period, which is the intensity autocorrelation

'hown in Fig. 7a. Depending on the tuning of the laser and its

,. peak power, a variety of deformation of the transmitted auto-
correlations is observed. For instance, in the recording of Fig.

7b, taken for a pressure of 10 torr of lithium vapor, it appears

as if the top half of the intensity autocorrelation has been

"chopped off". A similar change is observed for the interfero-

metric autocorrelation. 3

[- . - - - - -

Li-vapor 10 Tort

0 2 4 6 8 10
DELAY 'picosocondsI

Figure 7 Fringe averaged recording on D 3 (a) without lithium (top
.' figure) and (b) wit' 10 torr of lithium (lower figure).

"'. " 1 2
o.. '
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The tuning characteristics of the nonlinear transmission are

illustrated by the computer simulations of Fig. 8, which show
successive interferometric (top) and fringe averaged (bottom)

- ~ recordings of the second harmonic of the transmitted signal
versus delay, for various detunings. The pulse "area" (the time
integral of the generalized Rabi frequency, which is proportional
to the pulse energy density) is equal to 1. The calculations are

. carried out in the "thin sample" approximation (negligible
propagation effects). Far below resonance (right side of Fig. 8,

-. = 12 10l1 -, the pulse doesn't interact with the line, and the
autDcorrelatiuns are unchanged from the ones without lithium. At
a detuning of 9 l0l s x which corresponds to 6 inverse pulse-
widths below resonance, the top of the autocorrelation is

* truncated. This is because near zero delay, the Stark shift
corresponding to the coherent superposition of the two pulses is
sufficiently large to bring the resulting peak electric field
into resonance. This corresponds also to the situation shown in
the experimental recording of Fig. 7.

r. ",
.10 .... 1 -

00

Figure 8: Successive Interferoretric (top) and Fringe Averaged

traces of the second harmonic of the transmitted signal
versus delay, for various detunings (calculated).

13
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With increasing laser frequency (decreasing detuning), the "hole"

burnt by the resonance line in the autocorrelations moves to
larger delays. In the last case, the coherence region extends
very far in the wings of the interferometric autocorrelation, far

-* beyond the limits of pulse overlap. Near zero delay, the second

harmonic of the transmitted signal can be larger than that of the
incident pulses, because of pulse reshaping (shortening).

The third harmonic intensity varies also with delay,
frequency and phase, The maxima (for each 27f phase interval) of

,:he third harmonic varies -;.ith delay as shown by the dashed
- curves in Fig. 8. The euvelope of the third harmonic versus delay

far below resonance (-%w = 12 1011 s ~ I ) is a thi'rd order
interferometric autocorrelation, with a peak to background of 32

to I. in general, the shape of the upper envelope of the third
harmonic versus delay follows qualitatively that of the second

harmonic signal versus delay, with the largest harmonic
conversion being generally close to zero delay. The situation isI
different in the case of propagation through thick samples. For
an interpulse delay between 5.5 and 8 psec, at 3 1011 S-l below
resonance (region indicated by vertical lines in Fig. 8), the
anomalous transmission of the "900 phase shifted" pulse sequence
exceeds by one order of magnitude the "in phase" sequence,
because of a near lossless propagation of the second pulse 1.

?hased matched third harmonic generation should reach peak
efficiencies (total energy conversion efficiency over the entire
beam cross section) of the order of 1% in these conditions.

IV.5. Data on Nonlinear Transmission and Harmonic Generation

The data of nonlinear transmission and harmonic generation

versus delay, taken for various detuning conditions, show the
characteristic patterns of Fig. 8. As in the theoretical
simulations, as the detuning (laser below resonance) is
increased, the "dip" in the upper envelope of the interferogram

of the transmitted signal (in second harmonic) moves towards the

center of the autocorrelation (for that detuning, only the sum of

the two pulses at zero delay has a sufficient Stark shift to
"reach" the resonance). A typical recording is shown in Fig. 9.
The dashed line (triangles) is a recording of the interferometric

autocorrelation of the pulses. The dotted (squares) and solid
*+ (circles) lines in Fig. 9 are the envelope of the recording of

* the transmitted signal (in second harmonic) and of the third

14
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Consistcntly with the numerical calculations, the transmitted

sjnal near zero delay appears to be larger than the incident
signal. This apparent amplification is merily the manifestation

of pulse reshaping (compression) near zero delay. -he second
hiarmonic of the (shorter) transn:itted intense pulses near zero

. ,e~ay is larger than the second harnonic energy contained in the
incident pulses.

Um,.. Phase Dependence.

.igure 11 shows, for a particular inter-pulse delay of 2

.sec, the fundamentai (measured in second harmonic) before
(dashed line) and after (dotted line) the lithium heat pipe, as
;e' as the third hrmonic (solid line) as a function of the
r~la ive phase between two pulses. The phase interval has been
divided in 16 sectors. The recordings of Fig. 11 represent the

average i 100 successive periods. The data poincs at a delay of
2 rsein Fig. 9 represent the maxima and minima of the curves of
--7. 11. For this relatively small delay (compared to the pulse

duration), the phase dependence is dominated by the constructive-
:st-uCti .,e Interferences of the overlapping pulses at the
.andanent& .:aveleng"h. For large delays, the second Dulse is
interfering constructively and destructively with the multiphoton

excitation created by the first one, in addition to interfering
partially with its lf (in the wings of the pulse). At phase

" sh'ftj of 900 and 270 0, the second pulse is amplified by two-

photon stimulated emission, resulting in an enhanced
transmission. For delays exceeding the pulse duration, the
t.ns.itted signal versus phase has a periodicity of 7r.

01 4

"-" "." , *J . -

. -..

.,--11

r - " "! , i n u r e 1 1

16

~16



...

4.-

DELAY (PSEC)

Figure 12: Transmitted signal and third harmonic

versus phase for a delay of 2.5 psec.

At intermediate delays such as in the case of Fig. 12, the

transmitted signal (dashed line) is still dominated by the
constructive-destructive interferences in the region of pulse

overlap. However, the third harmonic shows the predicted

enhancement at dephasings of 900 and 270 o. There is another

interesting feature in Fig. 12, that also appears in all

measurements corresponding to large "i-nterpulse delays. The

periodic third harmonic signal is dephased with respect to the

trans:.itted signal. This dephasing angle is -7r/6, and corresponds
to the phase angle of the complex third order susceptibility. We

have found indeed in previous theoretical work 1 the third

harmonic generation per unit "characteristic distance" 8 to be
proportional to the quantity: ]

GJ+SSW

The pagirary Dart of this nonlinear coefficient - hence the
phaoQ an,7e of -0.481 - - -/6 - is due to the contribution of the
continuu:,.. The .eoasurerent of th- phase dependence of the third
har'ionic offer:- thus a unique ;*'ay to measure the contribution (t
'he 1,ird order zuccep[ ibility) of th' c)ntinuim rolative to that
, f th rsor. nce , or more (:enerally, the phase angce of hv
ron hin r zu-:cept ibi1ity.
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IV.7. Phase Matching.

Theoretical calculations 1 predicted a ratio of 2 to 1 for a

phase matched lithium-magnesium mixture in conditions of coherent

propagation (a ratio completely different from that corresponding

to "incoherent" or "small signal" phase matching). The

transmitted signal versus delay and the envelope of the third

harmonic versus delay in a 2/1 mixture of magnesium/lithium are
shown in Fi.g. 13. A maximum conversion efficiency of 6% was
predicted for an infinite plane wave, propagating through at
least four t'.o-photon characteristic distances (one characte-
ristic distance is 1.4 cm at the operating pressure of 10 torr).
The maximum achievable conversion efficiency over the entire

S,.cross-section of a finite beam is of course smaller by approxima-
t -t,, one order of -agnitud. A conversion efficiency between 0.5
Snd 12 is measured. Even though these numbers appear very

00 0
0 •- 0

FUNDAMENTALz o ........
0.= -.5 . ~~

0o o. 0

."
.'

0:. i .

.0: 2.5 5
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.,...Figure 13
'.' .ird fHarm-onic and transmitted signals versus delay.
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close to the theoretical limit, it should be noted that the
measured efficiency is still limited by the power available from
the source. Indeed, the confocal parameter of the beam focused in

the heat pipe is only 10 cm, hence too short for the requirement
of uniform beam cross section over that distance. The energy

density in vacuum varied in this distance from 50 mJ/cm 2 to 100
mJ/cm 2 (while the thick sample calculation call for a constant

energy density of 100 mJicm 2 over that distance). The similarity

between fig. 13 and the "thin sample" simulations of Fig. 8 is
due to the too short confocal parameter of the focusing in the
aimple. An additional amplification stage would be required to

reach conversions over 1%, peaking at delays larger than 2 psec.

iV.8. Conclusions

Enhancement of third harmonic generation through coherent
interactions in conditions of two photon resonances has been
demonstrated for the first time experimentally. The agreement

between theoretical prediction and the experimental results
.. indicates that self focusing and defocusing effects are not

important enough to affect the conversion efficiency.

This series of experiments demonstrates that it is possible

to construct a picosecond dye amplifier with a gain over 106

without introducing spatial (wavefront) or temporal (chirp) phase

distortion. Phase distortion due to convection currents in the

1000 0 C heat pipe were also found to be negligible.

Recording of the third harmonic and transmitted signal

versus phase enabled us to measure, for the first time, the phase

angle of the third order susceptibility responsible for third
harmonic generation. The corresponding imaginary part of the

"nonlinear susceptibility was seen to match exactly the calculated

contribution of the continuum.

The purpose of the experiment in lithium was to demonstrate
the points cited above, which can be transposed to any scheme of
up-conversion in presence of a two-photon resonance. The case of

. a higher order (four photon) resonance is considered in the next

. section.
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V COHERENT INTERACTIONS IN MERCURY VAPOR

V.1. Introduction

From the theoretical point of view, the case of a two photon

resonance is a very particular case of interaction where all

terms are second order in the field. For a negligible Stark shift

and photoionization, there is only one parameter (apart from a

scaling factor) distinguishing one atom from another: the ratio

of the probability of third harmonic generation to that of two-

photon stimulated emission (12/7N2 in the notations of ref. 1).

There is no optimal pulse duration, within the constraint that

the pulse duration be shorter than the elastic collision time.

The case of higher order resonances (N) is much more

complex: the equations will contain terms of all order up to the

Nth. The case of four photon resonant excitation of the 6s - 7s

transition of mercury vapor is particularly interesting but

complex, because of a near three photon resonant enhancement

through the 6p level. A theoretical investigation of coherent

propaga-ion and harmonic generation in mercury vapor has been

completed, using the same formalism as for the study of harmonic

generation in lithium vapor l. Preparations for an experiment to

complement the theory have been made (laser source, vapor cell).

V.2. Theory

As in the case of a two photon resonance, a generalized Rabi

frequency can be defined, which is here proportional to the

fourth power of the electric field of the light at the

fundamental frequency. However, the analogy stops here, because

the presence of terms of lower order makes it impossible to

express all electric field related quantities in units of the

Rabi frequency.

The equations describing coherent four-photon resonant

propagation and third and fifth harmonic generation in mercury
vapor are detailed in Appendix B. The dipole matrix elements

needed to evaluate all the coefficients of these equations were

calculated from the absorption coefficients corresponding to the

main transitions. Some major conclusions from the theory are
listed below.
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- For large delays, the phase dependence of the transmitted

signal, the third and fifth harmonic have a periodicity

of 7r/2.
- For picosecond pulses at 560 nm, an energy density of the

. order of 1 J/cm is required to significantly populate
the upper level of the resonant transition.

"o"."i - For femtosecond pulses at 620 nm, the energy density

required to pump significantly the 7s level is of the

order of 100 mJ/cm 2 .
- The proxim ity of the 6p level at 3/4 of the 6s - 6d

transition results in an anomalously large Stark shift
and an enhancement of third harmonic generation:

- A large photoionization cross-section from the 6d level
would prevent efficient conversion to higher harmonics in

a two pulse sequence.

The theory leaves several basic questions unanswered, that will
hnave to be resolved by experiments. First, the Stark shift of the

6s - 6d transition (4 photons at 560 nm) is so large, that high

energy fentosecond pulses at 620 nm could be simultaneously
resonant with the 6s 7s and with the 6s 6d transitions! While it
is likely that the theoretical model chosen breaks down in that
situation, there might still be a large enhancement of the non-
linear susceptibilities.

- Another basic unanswered question pertains to the large photo-

ionization from the excited level. Has the photoelectron lost
complete memory of its position in the Hg atom, even 10 fsec

after its ejection? This question can be tested by counting the
number of ions created by a pair of closely spaced pulses, as a

function of their relative phase.

°.2
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V.3. source Developments

For a given pulse energy, the shorter pulses of higher peak

intensity will be the most efficient in exciting a multiphoton
resonance of order higher than 2. We have therefore started the

development of a femt:.osecond laser oscillator to replace the 6
psec synchronously mode-locked laser. That laser oscillator
comines the features of the passively mode-locked dye laser 9

with the tunability of the synchronously mode-locked laser.
Passive mode-locking is achieved in an "antiresonant ring"

- located at one end of the cavity i0. The antiresonant ring is

S-' mounted on a translation stage, which allows continuous tuning of
The cavity length, an essential feature for synchronous mode-

locking i in recent tests, passive mode-locking alone has
provided highly stable operation with 50 fsec pulses, and an

average output power of 50 mW Geometrical astigmatism
compensation is used to maximize the intracavity power density in

-he saturable absorber 12 (Appendix C). The pulse shape and phase
V modulation are accurately characterized, using techniques of

pulse shape and chirp determination that we recently developed 5
The "downchirp" of the pulses can be adjusted to yield pulse
com ression instead of pulse broadening through the normally

6dispersive amplifier chain. A hybrid passively-actively mode-

locked laser based on this design is presently being tested. it
is hoped that the hybrid laser will provide a higher output power
(100 mW) and easier tunability than the purely passively mode-
locked laser. It should be noted however that the present tunabi-
lity range of the purely passively mode-locked antiresonant dye
laser (605 to 630 nm) is quite adequate to study coherent four
photon resonant interaction on the 6s - 7s and on the (Stark

.*. shifted) 6s - 6d transitions of mercury. The accurate knowledge

of the pulse shape and modulation 5 is a particularly important
asset in the study of coherent effects in photoionization.

The use of shorter pulses makes it possible to use much
higher pressures in the sample cell (since the requirement that

the collision rate be slower than the inverse pulsewidth is
relaxed by two orders of magnitude). The possibility of using

higher pressures, smaller confocal parameters, alleviates much of

the difficulties associated with the design of a sample cell. A
short mercury heat pipe has been constructed, in which two
stainless steel cones serve the dual purpose of ion counting

electrodes and return channel for the condensing mercury.

22
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VI USE OF MULTIPLE PULSE SEQUENCES

g We have extended the theory to the use of multiple pulse

sequences in the study of multiphoton ionization of lithium. The

<* results of this work are contained in a paper published in Phys
* Rev. 13 and included as Appendix D. This theoretical study shows

how random pulse sequences should be used to study the influence

of source coherence on a multiphoton process. Another basic point
arising from this theory is that regular pulse sequences can

- provide spectral selectivity well beyond the pulse bandwidth. For

'nstance, by tuning the average frequency of a train of 10

pulses, the number of ions produced in lithium vapor (condition
of two-photon resonance) versus laser frequency displays a series

of peaks reminiscent of the Fourier spectrum of the excitation.

Tihe idth of these individual pulses can be used as a measure of

the photoionization rate from the excited (4s) level.

*~T.e basic conclusion from this theory is that the use of

pulse sequences offers a solution to the conflicting requirements

" of spectrai selectivity and high peak intensities needed to study

multiphoron processes. This conclusion applies to molecules as

well as to atoms. The study has been recently extended to multi-

photon vibrational spectroscopy. Pulse sequences have been
Sdesigned to excite to a high energy level an anharmonic ladder of
-i evels. The relative phase between successive pulses determines

-he direction of flow of energy within the molecule: whether

tnere will be absorption of emission of a photon within the

ladder of levels. Calculations of multiphoton excitation of an

anharmonic ladder of vibrational-rotational levels have been

made. The model chosen was that of the molecule CH3 F. The calcu-

lations show 14, 15 that simple four or five pulse sequences can
* be designed to bring most of the population in the level v = 5.
• /These particular pulse sequences result in a cooling of the

rotational temperature in the excited state. Pulse sequences
offer thus the possibility of achieving vibrationally as well as

. rotationally selective multiohoton vibrational excitation of
molecules.
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APPENDIX A

Reprinted from A~pplied O~ptic.. %'of. Z. patge 211051. Jal.i 1, 1951
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Spatial and temporal properties of a tunable picosecond
dye-laser oscillator-amplifier system

Herman Vanherzeele, H. J. Mackey, and J. -C. Diels

Ili t'ut, papjt-t , t k detri be a i z.. vur dtI)t'f Ix Lit~r Iti p ' tqi!i.W ill .o

a ;ii~an ~ itai ad ( t~~iaii~ ~I r k it\ h thw ic a d .a-maniul~r ti . i i i aI it;..lll:,

1. Introduction cantly change the temporal propertit.- of'the dye-Liso.r
W~e rep',r !Ilhe di .cltlfl f a pit-.Co 0c d pulse pulses. Preliminary measuroments of coherent two-

dye-laser oscillator -2 mplifier system designed for ex- photon aborption in lithium demonstrate that this
periments t res(ona-nt k* he(rent propagation.: -uch svstem fetdt Ilic trimlgent coherene r(( u;retncnts itt

experimnents; put a inn.ent rcquirements iin the prop- a tnultiphoton coherent p-opa-.itiofl expe-riment.
errie-. if the laser -.vtei. niott oft ihich will be reviewed

briely n Sc. 1. \e axubee alle ti eetthee r- . General Design Considerations for a Picosecond
urmns using a commnercially available svnchro- Pulse Dye Amplifier

- nously pumped dye laser in combhination with a home- Ee th g wedfge urapiirfo civn
built arplit'ier. A..;we will explain in Sec. Il1. this am- a particular goal (saturation of the 2s-4-s transition ot

lplifier con.sists of three stage., being p~umped hy a fre- lithium at 571.2 nmf the main sp~ecifications are de-
qU~l~y(lOble NdY:\i lser Th fisttwo stges -irahle requirements for a large nuLmber of expertmeflts:

are pumped transversely, while the last stage is pumped (1I) high output energy; 12 minimum ASF:t, go
longitudinally. \euceldi hivnahghai, beam quality for interferometric experiments. i.e..
While avoidingz a buildup otf amplified spontaneous uniform beam profile and flat distort ion-tree wave

emission (AS El. without the use of spatial filters or front.-: (4)i no temporal phase-modulation effects. (7))

-.aturable absorbers. Atc-urate synchronizat ion of the both short- lpulse-to-pulse( and long-termi tabilitv: (6)
aralablit puse a a cwx pilot beam propagating through the

vaios ulescombined with acareful optimization of avaiabiltyro
the pump and amplified beam gecometry ensures that system for the ease of alignment of the taIrget experi-
the energy of'the pump is channeled into the picosecond ment. Each requirement dictated one or more basic

pulse rather than into ASE. Compared wtth p)urelY design feature-.- of the amplifter to he built as we- will
longitudlinally pumped systems, our transverse-longi - explain now. lSee, e.g.. Ref's. -4 and 5 and additional

*tud~inal pumping geometry combines the advantage of references therein for a theoretical ainalysis.)
ai higher Output e2nergy with the ability to control the Obviously, a high output eniergy calls for an (optimum
spatial beam profile. In Sec. WV, we will present inter- use of' the pump radiation, which in turn requires the

* feromet nic autocorrelation measurement s*- performed mninimum beam diameter in each amplifier stage comi-
fotr the first t imeonsuch a pico seco ndI pulse dye-laser pa hewt axmi i-a rtdgi.Maxi nri.'ing
ollcillator -am plifier -.,stem. These measurements, for thle gain fo r a given input ;ilso requtiretn mnimizatuin ()

which a new kind ofda~ (it.acq ikit io n systemn needed to A\SE. This can he achieved throut ih I 1 accurate t iminig

be dlevelop;ed. show that our u npl ifier doeis no t signi fi - of the )i imp pullse re lative to thie picoaecolird pul se to ble
amplified in eachi -t ehereby~ minimiing lhe overlap
bet ween the ga,:in p id~e inl fine cell and t be ASE from the
1iul acent (-ell: (2 accirit e geometrica:l matching of t bie

[hi a'h'r .a' '~it \'rth'[,~ ~~ n~trit\ pu *,if heorP 'and Owi~ p t~icoset-'tntl (lv-laiir beam to
\rtI. qtirsirn- .iK~truaits i'hv.jt ~ m' tetn Stie1 ,1rf, nfr pumip deplet ifo b y It-e Litter inl each

(,11; ci) ilprito ch(oce of dvv's. 'lw cbt ic, tI (lycs
Itt~~li'.(tIi hf' \svmc t I,~t -?hr limited by wir re-quiremetint that the \. tvni

H I, ... ~*i t!''t'l.~i a 'houldl be iranilarent for fli heunatplit'itd dve-Li'er
41 lip cif Stwietv it Aneriv',. puWlsv,, which ,.erve as at cw pilot b eam. This last 1 eti
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(lition is particularly imiportanit inl applications which I

requiire a critical alignmiient ot the ampilified beami. For N
urppiat ions. thle dye- laser beam is sent first along

the axis of an interferometric delay line andsuse
quently through a long, but narroiw heat pipe, an oper-
atitinthat requires acw beamn. The requirement ofan
aberration-tree temporal and spatial beam profile in-
poses the following design features: (1) short dye cells
to in iimize pulse-broadening and phase-modulation
t hi.kt, due to the SON lv ut': tite ab~sence of filters and NMIui

saurble abs~orbers to avoid wave fri nt distortion in NP
stiliseqijett amoplifiers; I;,' a choice of solvents to obtain IP*K j* 1F _
maximunn tlicrmal conductivitV: (4) careful lateral ad- V
judmnent of the pump beam in the longitudinally tn-,m ~ - m

v shpe he patal barnproile Fi' 1. heniatic rt-presentation ni the three %tage amplifier tDRS
pumpled cell tot properly .haetesailba rfl ihucb splitter. I)O. = polarizing heam 'pte.P=de
itt the amplified dye-laer pulses. Finally, stability -iion pr ism).
requirenients put stringent conditions on the pump
SfoUrce lor the amplifier: 11) short-term stability de-
p~end,. onl the synchroilization between dye laser and the second cell and further expanded in the last stage.
amplitier pump. 2)ln-termn stabilit'; merely imposes The latter is inserted between two lenses of a collimating
at con~tant thermal lens effect for the pumnp laser. beam expander with an aperture ratio of 5. Thiscdesign

configuration of the last stage serves a dual purpose.
1l1. System Descriptions The expansion of the dye-laser beam is required to keep

The uScillator is a Spectra-Physics dye laser syn- thle energy density at 57 1 nm below the saturation en-
chrorittslv pumiped by a Spectra- Physics Ar-ion laser erg-' density. On the other hand, the converging ge-
',ctively mnode locked at 82 NMHz. For the gain medium ometry of the pump beam is needed to maintain a suf-
we use rhodamine 6G. in ethy lene glycol ( concentration ficient level of excitation despite absorption in the dye.
2 X o- I). Althoug.h rhodamine 5 60 would yield a One should bear in mind that the performance limits
slig htly higher gain at 571 nim. we prefer instead to use of the dye-amplifier are defined in the last stage. In-
rhodamine 6(, because oh its better chemical stability, deed, the saturation energy density over the output
I The- rhodamine 560 solution has to be replaced every cross section of the last stage is the maximum energy per
Week.) Wavelength tuninga -571 nm is achieved with pulse that the system can deliver (e.g., I MJ/CM 2 for
a three-plate birefringent Ifilter. With a *30%c output rhodamine 6G)."1 Because of its large cross section, this
coupler. this svtemn generates a continuous train of last stage requires most of the energy (77%) of the pump
36-11.J pulse",with a duration of 6.2-psec FWHM,. laser, while yielding only a low gain (factor 8). Of the

Our three-stage (lye amplifier sketched in Fig. I is remaining pump energy. 7r is used for the first stage
pumiped bly a freq ue ncy -dou bled Q-;witched Nd:YAG (gain: 1a1) and 163% for the second stage (gain: 50).
o)scillattir-aimplitier kQuanta Ray DCR-1). This system
dtelivers 280-m-1 pulses (530 rim) of 8-nsec FWHM1 at a B. Choice of Dyes
repetition rate of 101Hz. The polarization of this beam For the transversely pumped stages. we use 1 -cm long
is orthogonal to the polarization of the dye-laser beam. flow through cells at Brewster incidence. The bestcdye
Therefore, we put the longitudinally pumped stage candidate for a pump wavelength near 530 nm is rho-
between crossed polarizers to couple out both the am- (lamine 6GC (highest gain at .571 nm., longest lifetime).
plified (lye-laiser beamn and the remaining part of the However, the abso)rption band of rhodamine (A' extends

@4 pump bteam. A 1.5-ni optical delay separates thle dye- well beyond 571 nm. Therefore. rhodamine 560 has to
- -laser oscillator from the first amplifying cell to prevent be used in the first two stages (where the concentration

* - o.,cillatiitn of the latter with the output mirror of the is necessarily. hiIgh)to(i obtain a reastonalblv large trans-
* - trir. mission of the uivniplitted dye-laser pulses through the

sv~.tern. It was determined empirically that the fol-
-~ -A. Beam Geometry loin dye combinat ions in the first and second cells

Ti)'l prevent ASE from building up between stagres, a Yield tile bed, results (maximum pumpl depletion,
direct vision prism is inserted between the first and minimum ASE. and acceptab~le loss atN7 nm): tor the
seconda st ae. T ,ii the sole ()1)1 ical iolat or ui-ed inlTii first sta,,e, a m ixt ure of rhodamine.5(30 and rhodamine
our anplifier. in cottfrast to other -;\ystems which need, 6G.2 in methanol (respectively , 2 X 10 -' NI and 10-1 \11;
il addhIit ion. ,atoitrable absoirbers and pinhole. 4 -9~ fo r the second stage. rhodamine -)I;() in met hanio ( 10-:
P' m it i ~iarly iip irtanlt inl ti s re~puct i- the expanding M). Final lv, for the list stage, which is. 5 cm long, we

hs.a111 ret thn it ihit thle-,stn nit nlv to inl- use rhodamine 6(, it) lulliy maximize. the gain. The
t -ie etit ct iveniess ol the prism inl dtiscriminat inig ,i ilvent in Ithis stage is at 0.51' aqueo us solut ion l fAm -

atittAS E lit it al~o top maximize the omverall - ain if the onli i) uniiethrnlefe .F r thle small
a rnplitfi-r. Starting with at diameter oft < 1 mmii in thle dye ccetrai ninhis inl stage (1.5 X 10" \11), the

* -t ir~t cell, thle hv.imi tlianit-ter is inereaseil thbree titnes inl aibstrpt ion oft lie miaamplitied pulses, is negligible.
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14. Be' Ma- &-am

A~t

2., 2 xem n

1 02 031 lck

0 5
DISTANCE Imm)

C. Svflchroflization Peak Detector - Hold Dii

In St-c. I I% wemnpha-izei1 the need 1,r acural t'and r------- - -

iit tur-tree .\nchrolziat it ill e. it iIA'e be1tw,"eln thleMcw---
pull p)ilse anld the dve,-la~er pulse ob mlte.I'LA )ttd-Jllhf -.. i:h~~tv

reah hs t tl. ~.e ie h i d.- 1ek r riv t in Fig. 2. Wit le ON.\ in hie free-running, mode, no
Ar-on ase .i si abolu c l~l ~.Ihru~hdirct i~- hott-ishot variat ions of this p~rofile were detected.

Next th is. n thIs cl e itrot thiali sa e donu tt 1 loc The qUalitN- of thle amplifier output was also exam-
* ~ ~~~~~~~~~~~ Iet ihsng~li ee i neroaeteoiia lc ed with a \lach-Zehnrder interferometer. Complete

inlin a loiziIcal A ND gate thius providing a I I-lHz r-- etnto fteba vrisetr rs eto Ol
. renee sina whc s1ncrndwthtemse he achieved with the interferomneter balanced. This
clock ito within better than 03.5 ns;ec- .Ade tailed de - demonstrates the absence ot wave tront dlistortion in the
- cript ion of' the electron-ic circuit has been published apiircan
t lsewhere) 11 ThI' 1)-Hz reference inl turn is used to apiircan
directly tri,-ger the Q-switch and,. atter anl appropriate IV. Temporal Properties of the Amplified Pulses
(IclaY. also the fla~hanip- Of the Nd:YAG Oscillator- Equallv important for coherent propagation experi-
amplifier. 'te resulting jitter in the sy-nchronization ments ar'e the temporal p~roperties of the amplified
between the pumnp puls e ind the dye-laser pulse to be pulses. We infer these properties from second-order
amplified is of the order of I ns ec.* iflteflitv and fringe-rest dyed auitocorrelation mea-

TO1 further minimize ener--v flUctuation, ot the am- -surements using a- \itch -Zehnder interferometer .2.

plified pulse due to this, small remaining jitter, we syn- The main difficult\ involved in these measurements
chrttnize the first stage at the leading edge ot the pump stems from the fact that the delay arm of the interfer-
pulse, while rhe second stage is synchronized at the omtr -a to Ile moved uniformlv with absolute suh-
trailing waeeghedge. This procedure fuirther helps in reducing waeent accuracy over a Snffiicintly long distance.
undesirable coupling in ASE between the initial Indeed. the requirement that the motion of the delay
stagIe s. arm be continuous without the discontinuities that

D. Prforanceof te Sytemwould result from the static friction coefficient lbeing
D. Prfomane o th Sytemlarger. than the dynamnic one) implies a minimum

Tile~ ~ Ou u nryO ~ mplifier is - 1.5 mniJ,pulse. scnigspeed. On thle other hand, however, an tipper
Pulse-to-pulse '-tabilitv is better than 2tY>. This is a limit for this scanning speed is set b,, the repetition rate

otdres.-ult for a chain of amplifiers, none of which is, t4the amplifier ( 14 Hz) and the requirement that there
saturated. h snzfehdeteIn-emsaiiyi e at least twventv to t hirtv data points per period tt I
a.% ls.o _'ot~ oI ' ver a perio d of 10 h ). For an Opt imum res olve Individlual fringes. Ohloitluslv, both require -

vnthr n/atIo, herat~l 1IfASEenrg t pue n(r. tnents are tonfIt i ,i. Mo~reover, the remaining
* ,tter the ,i-t tagv is onilly a few% percent. pflse-t t-pol-,e ilostabili ti me-will ciause large tlutt at ions.

The spatial intensity distribution 4i the amplified Oi t~ op (If seciotnd -orde r f'rIngeIlhereby was.h Iing ou t thle
* b eam has also been examined usims anl optical mnulti - fringe contrast . Averaging out1 thle data over a large

channel analyer I ONM. . Hcajuse the- firsi two st ai_,es wnimber tdf laser shots will only further retduce this
are pitimlwld tran~vers-ly. lOne d&)es not expect a unitormn iont r&-t. T o solve these pnrtblemis. we hadi lt develop
gaini protile thr oigh t het whole chain . '11w ret I re. ,ieO an adeti iate dat a acqui.,it iton vysteCin.
mnay fear that the am pliftier des-i-iimn invit pr Iild Ic
itt~iI andi smooth joUlSe stIiiprtiftile. Ouir inca- A. Data Acquisition System
stirerrents insteaid hitve( shown t hat. by car-tOlly to~i - The hKtrdware 4 tour data ;ivtjtisit itn systern is
tioning the pump beams relative to ithe amplifiedi beam schematically represented in Fig. 3.- Abou t I' ' of t he
in thle last two stages, we can achieve ctomp lete ctont rol am plifiner tnt olit is uised as a reference. ltean. thle re -
of the profiletof the tLt ptif beaml) At cxanple is .,h owf maining part is ,ent t brit igh the i tt ertert met er. Bo th
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*the ri4erence Iiea in and onle oft the output beams of thle 0201 )(18931

* interterometer are trequencv doletlld and digitized
all er detection bv p~hot)ttinductive PIN diodes IUDT!

* 11)1)1t,. Tlhe other out put b~eam tit the interferometer
is used for two-photon coherent propagation experi-
ments lin lit hiuim vapor. The electronic discriminator
in the reference channel rejects pulses with either too
low or too high 1.'Venergy. '[his is an essential feature
fi to ur cotherenit twt- plhoton propagation experimients
In lithium vapor which depend crit ically oin thle pulse

enrg *t nrug in ed Stark shifts). 0...
'[he :iforementioned problem of smnoothing the in- 00 a 01 0 02 a 03 a 04 0 as

CH40;NE NUMBRS I0t
tei'feretice fringes is solved in the software of our data
acquisition system, First, errors due to amplitude A c 7 io ROU VOING SHECeRODWS
fluctuations 4'f the pulses, are reduced to a few percent Fi:1 - E~xam14ue,, an jiivrca',e irin~e rtepre-eltnfl a u't -4 trinC',* 1wcomutig the atio of the signazls :in channels 2and

.Next. while varyv jug thle delay in the autocorrelator
at at regular speed it 0. W in;/msec. the resulting fringes -_

are artiiite~l xer lage nmberof etsheac set = 1, , to gencrate the next pair of points and so

tIcally as l100 fringes). 11Per set, two difterent aver- (il. [o improve thle accuracy, an additional loop gen-
a~~zinI pcsesreprtre. nthonhadal crater, near each fringe-maximum three points of F(T),

datain ach~etareaveagedtheehvwasingoutthe not more t han two of themi being located at the same
frin~es coi pletelv. For a lairge number of sets this wvill side of that maximum. With at parabolic fit through
jeld thle convent ional :1:1 intensity autocorrelation these points, the computer determines (1) the true lo-

* trve I~ th it he hadan ~ e~tg frngepersetis cation ofimaximium Imj -,n,) 2) the correct AT, which will
- - constructed bv axeraging thle dL.za in a single periodicitv eue oiiit h et anlo.4)telcto

Otver thle whole set. A\n example is show,.n in Fig. 4. 'rhis. ot the fringe-mninium tr~,and finally (4) the cor-
V veri~rnWVpr pesjernlits one to keep track of small respondling valuies of Fi TJ F(Tir1 il,). and 14 Tmax)-

phase shifts ovvr coinsecutive sets of fringes. For alarge Once ItT):ind hoth envelopes of FWr are computed in
inmber tf set..i ilstefine-rovd8: auto - thsay. the p~ulse parameters (shape. asymmetry,
correlation curve. 'in this way one obtains both auto- w~idth, and chirpi are adjusted until a good fit with th
cotrrelatiitn c-urves during a single experiment, experimental data can be reached. Finally, for the best

fitting pulse. thle duviat ion of the average frequency
B. Data Reduction

iy ittding the experimental data for both the inten- t(4) (d
sivadthe fringe-resolved auitucitrrelation curves, it ~ii

is possible to determine accurately thle temporal prop- and the p~ulse bandwidth'~
erties of the amplified pulses. From the experimental -r iA-it dt Et.Autdt
arrangemient described above, we obtain two recordings Av E - ( tI) +()

of second harmonic -ignal vs delay: the intensity and are obtained.
hie interferometric auttici rreLat ion. The intensity

autocoirrelatitin curve provides a first estimate of a C. Results: Pulse Characteristics Before and After
reasonable putlse. shape and pulse duration which is used Amplification
.15 a starting point in attempting to fit the interfero- Fgr ()sosteitniyatcreair uv

metrc atoctrrlatiinmeaureent. Fr agivn tial fur the amplified pulses idashed line). The solid line
funiitm fo th utiple elctrc fild nveoperepresents a numerical fit using a Gaussian pulse shape

e x> 1) I xt: t ~ i with 6.2-psec FNHMl jie., 5.27-psec H%%( I/', 2 )MJl.
Note that an intensity autiocirrelation cannot effec-

a1 numerical iiilnfittiion is madle oif the interterometric tiv distingufish between a Gaussian andi a sech p)uls-e
-eci d - troler it itt ,c irrel at it n shape.

I + f,- ' - f-xpi - +! d--U From Eq. (21), it is clear that thle intensity autocorre-
fat ion is phase indepndn adthrfre. does not

11 hI~ he /linivolc reainI r I i the subpart carry any infoirmatiorn about thle pulse chirp. Onl the
I t n-~ ~pdvvrigtrsi 'tl n other hanrd, as hown in lRefs. 2 and :1. the interfo-ro-
x f 1,0ri tht : metric% atitticorns n os2irrel ndatioti is sensitive to the pulse chirp

,I'tt). The ex periment al rv~u Its obtained foir the fat ter
-- - -~ - . , with our amplified lpulses are shown in Fig. 50b 1 (dashed

I' line). 'The solid line in Fig. --ib) rep)resents again t lie
'Vt.i cmpuat i~i itmi are i r,_an zed its fillows: f irst, at T noest thevoretical fl: Giussian pulses 16.2-p vc FW14M)

4'midi -it k ,2i, t ie( first-fritige maximum and withI a pihase mouolatiotn propotional to (lhe pulse in-
riliiium art, (mpntel: uhei~pient1% r is incremented tensitv I,,) 1.13 E ). Fo)r coimparison. thle sA auto-
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(a)

- P~iNWNM 6p5 'M .43 -

C, 2 EnpertmnitM Recowilng

* - 5

DELAY jPICOSECONDSI
Fig. 6. Interfenmetric autocorrelation curve for the unamplified
pulses (the solid line represents the best fit. the dashed line corre-

- DiAYsponds to Ithe best i it for t he amiplif ied pukses 1.

DEAYPICOSICONDS pulses reveals a phase modulation proportional to 1.84
% or(b -Exptioneital Rehrdn E2 (rather than 1.43 E 2 for the amplified pulses).

SearsTo conclude, our interferometric autocorrelation
G W.FWW 6 2ps measurements as shown in Fig. 51 h). have demonstrated

2143 E that the phase distortion introduced by the amplifier
V~~Z 2 is small in the time as well as in the space domain. A

% ~peak -to-background of 8:1 can only he obtained with
spatially coherent pulses. Indeed. at zero delay, the
maximum signal of eight times the background requires

- that the two halves of the pulse interfere constructively
~ over their entire cross section.

V. Conclusions-5 05
EtLAY ,P:CCoS^NSI In sum-nary, we have developed a picosecond pulse

* .I- s .. x:prnr: I resu't-and bebt theoretical fits for (a the in- dye-laser oscillator-amplifier system tunable near 570
1, ho-itvaut,wc rrk i;~ o ci rve and k 10 the trini~e- resok ed autocorre- nm. At a repetition rate of 10 Hz the output consists
bait-n tinre iiabhod hrte.are c.'xperirncntail citrves. solid line, repre- of 1.5-mJ pulses. Both the short- and long-term sta-

senlt Cite tb.toretical ft: "or the ilottivd ime in (i, see text]. bility are excellent. Contrary to other similar systems,
ve fr te sae Gussin plsesbut we have avoided the use of either pinholes or saturable

hoaion ntarvalier thasae Gouasian pues ut absorbers. Therefore, our system requires fewer
havng nstad liearPhse oduatin ~estfit ~ components, which makes the alignment easier. De-

1.5 (t 15.27 2F is al.-o( shown in Fig,. 50b) (clotted line). sieteasneoihlsadstrbeasres
The data imply that the amplified pulses are not corn- ste rtio ofabsenergy tonulese neatryl aererst
plet cly bandwidth limited; according to Eq. (5), the tae rai ol AS fenercet. Ausneg dditi dat
bandwidth is 79 GHz. nsaei nyafwpret nadtoa datg

The atashon inFiq 5() ar muh mre snsiive of our system over other short pulse amplifiers is that
Theth datale dyh-awn inse Fig. t(hraenmchmortsnsedv

to nhase-mnodulation effects than, e.g., spectral data. heuapied y-lsrussaetanmtdr, ~through the system thus providing a cw pilot b)eamn.
- . [bebanwidh draton podut fr te nnliear This is an) important feature for applical ionls requiring

chirped pulses in our case is 0.49 or only 10%' larger than
the ininimum of 0. 1-4 for tinchirped Gaussian pulses. a critical alignment. Our amplifier output has a uni-

Oil he the had, he WHN ofthetiper nveope form spatial beam profile and distortion-free wave
On he the had, he WHMof he ppe eneloe fronts. The temporal properties of the amplified pulses

of thle interterometric aut ocorrelation curve for our
ptle s72pe oprd ih95pe o nhre have also been investigated using a computerized datapulss i -2pse comare wih 95 psc fr uchiped acquisition system specially developed for this purpose.

ILulses; thle lower envelope is even more sensitive to ThpussaeG sin(FH:62Tecad
~ hse moulaioneffcts it FWH Mchagesby l- present a nonlinear chirp (1.4 E!'. Thle bandwidth is

fnost 50'f' from our chirped pulses '9.5 psec) to the caJSC 7 Hz. It was shown that the origin of the chirp is in
oflkunchirped pulses 111.7 p-cec). d

* p l'litc kind of chirp we have detected for the amplified the dye-laser oscillator, rather than in the amplifier
pulses. i.e., a chirp proportional to thle time derivative can
it thle ti)llse inesiy itpical of self-phase modulation The authors would like to acknowledge the valuable
of the pulses. An i ntert eroniet ric autocorrelat ion (itthe assistance of D. Mlaxson, who interfaced the detection
imnipliliedl dve-Liser pulses as shown in Fi. 6clearly svstem to te mirpoeso.Hflnezel so
InI (-:it es t hat I he orit-in o't te chirp is; in HIP laser os- leave from the University of Brussels; he acknowledges

illit*r athe thn n te nl dilur han.Partial chirp financial sup~port from thle N F\VO for travel explenses.
i4i1111"1-11t ion i takin_, place in tIt aemplifier: the in- This research was supported liy AFOSR under contract

terlronutrc at c rnlotiicrve I ,r the unamplified 824)032.
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APPENDIX B

FOUR PHOTON RESONANT COHERENT INTERACTION

We consider an atomic system excited by a coherent

electromagnetic pulse which is in condition of four photon

-resonance between the ground state Ii> and a state 12>. The 6 1So

61D 2 transition of mercury will be used as a numerical example.

The calculations for the 6s - 7s transition are slightly simpler,

since the energy of a single photon is not sufficient to make

transitions from the upper level (7s) to the continuum.

!i4

Let us designate by {I>} the set of states that are coupled

to 1> or 12> by dipole moments. It is postulated that no other

transition than 11> - 12> is resonant with the applied field. The

adiabatic approximation can be used to solve the equations of

motion for the elements of the density matrix connecting a state

if> to the level Il> (PIf) of 12> (P 2f). The case of the state

If> in the continuum has to be treated differently, since the

transition 12> - If> can then be considered to be exactly

resonant. A perturbation treatment is used in that case,

Justified by the weakness of the bound-free matrix elements. It

should be noted however that the latter approximation has never

"* been tested in the femtosecond range, and that experiments will

be made to test this particular aspect of the model.

SB 1
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The linearly polarized electromagnetic pulse is described by

the electric field vector:

E E(t)e i(jt + c.c. (1)

where E(t) is the slowly varying complex amplitude of the field.

The equations of motion for the density matrix:

= [P, H] (2)

can be solved by adiabatic approximation for the density matrix

elements involving the levels 1>, essentially reducing the

description of the atomic system to that of a two-level system:

i-44
,..t + 2 r1 2(or2 2  011)

,.. 2=(-i.a - - T--2  lE-

122 2 - 2 Im[ E(4)
2t = ( T '2  )12 -{"} 12 12

2 Im[{- 2 12 (5)

In Eqs (3) - (5), Oij are the slowly varying amplitudes of the

density matrix elements. The transition matrix element

responsible for four photon absorption is:

r 12 = - lf Afk ki '"f2 (6)
rl 1.2 (3c - (iii)(2w - Cjkl)(w - Af 1 )

In the case of the 6s - 6d transition of mercury:

r = - 2.03 10 6 (Cm)4sr12

* The detuning is defined as:

B 2
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"= 4w- 2 1 - 6w 2 1  (7)

where we include a quadratic Stark shift of the 4-photon

resonance:

6WC1 (j c, C)] El2 (8)
21-9[~~ 1 44 )- 2 ( ) ] E 2 (8

In Eq. (8), a'i(w) is the real part of the polarizability of the

state i> at the frequency wo. The complex polarizability of 11>

or 12> is given by:

U2
c = h [ ( + W) + (l (9)

The proximity of the 6p level resonantly enhances the second term
[ of the polarizability for level 12> in the case of the 6s - 6d

transition. The values for that transition are:

= 4.7 10-40 [MKS] (10)

= 5.3 10- 3 9  - i 7.2 1040 [MKS] (11)

The imaginary part of the polarizability of state 12> accounts
. ,for the ionization rate from the upper state (in Eqs. (3) and

(4)):

<---2 of" 2w
2a=  - 2EJ (12)

042 l4t

The calculation of the time dependent macroscopic

polarizations at the various frequencies is straightforward but

tedious, because of the large number of terms involved. For

instance, in the calculation of the polarization at w , one has

to include intensity dependent one-photon polarizabilities of the

form lEj 2O2 2 E; 1E1 201 1 E; IE*l 3 C 2 ' in addition to the term in

"i 0ii E that appeared already in the two-photon calculations 1
In the case of the 6s - 6d transition of mercury, the

polarization at wo reducels to:

B3
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*2

/3

2= E + 3 00 3 1 2 1EI Ea
P [+'2(w)a22 ] 2r 1 2 (--) al 2 +

The polarizations have been calculated at the various
" frequencies, and inserted in Maxwell's equations, to compute

numerically the propagation of the various fields and the
. conversion efficiencies. The case of the 6s - 6d transition is

* particularly complex because of the large Stark shift. In

addition, ionization from the upper level tends to wash out all

coherent interaction effects, except for the shortest pulses, for

which the validity of our model has to be tested.

The 6s - 7s transition appears to be an ideal candidate for

efficient fifth harmonic generation. The proximity of a 9p level

near the fifth harmonic frequency accounts for a resonant

enhancement of the fifth harmonic generation. Low loss

propagation of properly phased pairs of pulses is made possible

by the absence of single photon photoionization from the upper

level (7s) and the reduced Stark shift of the resonant

" transition.
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APPEM1PIX C

DESIGN OF A 50 FSEC LINEAR LASER, AND ANALYSIS OF THE
SCLLIDING PULSE EFFECT.

Jean-Claude Diels, Nooshin Jamasbi
Center for Applied Quantum Electronics, P.O. Box 5368

North Texas State University,
Denton, Texas 76203. Ph (817) 565 3261.

and
Laurent Sarger

Centre de Physique Moleculaire Optique et Herzienne,
Universit6 de Bordeaux I,

351 cours de la Liberation, 33405 Talence, France.

An antiresonant (AR) ring has been proposed by Siegmai 1 to obtain
standing wave saturation in a linear mode-locked dye laser. This laser
configuration is equivalent to that of a mode-locked ring laser if the
saturable absorber is located at equal optical distance from the beam
splitter (Fig. 1). Two technical probleins seem to make this
configuration impractical:

a) The requiremenc of tight focusing in the absorber 2, 3 implies
a large beam size through the beam splitter, hence a large
angle of the AR triangle, and a large astigmatism impeding the
tight fccusing.

b) It seems impractical to fulfill the "colliding pulse" condition
for femtosecond pulses, since it requires to maintain equality
of the two arms of the AR ring with an accuracy of 10 microns.

We demonstrate that the astigmatism of the AR ring (even for
angles as large as 16 0) can be compensated by the geometry of the
cavity (the astigmatism introduced by the other arm of the cavity can
be used to compensate that of the antiresonant ring). Furthermore, this
cavity configuration enables us to test for the first time experi-
mentally the "colliding pulse" condition, independently of any other
parameter. It is shown that the accuracy. requirement for the equality
of the two arms of the AR ring is much less stringent than anticipated.
The operation of the laser is not affected by a departure from the

- " "ideal" central position of less than 400 microns!

,%'%
.2

,igure 2: balancing
Figure l:Sketch of the laser cavity. the arms of the AR ring.
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The laser cavity is simple enough to make a complete analytical
ABCD matrix analysis possible (using the algebraic formula manipulation
computer language "MACSYMA"). For any value of the angle e, we compute
the values of mirror spacing D and 2z that satisfy the stability crite-
ria in the plane of the cavity and in the orthogonal plane. The resul-
ting stability diagram shows "forbidden" ranges of angle 0 for which no
stable cavity can be designed (for instance, 13.50 < 9 < 170).
computation of the beam waists in the absorber indicate a large spot
size (50 microns and more) for the first stability region. Astigmatism
compensation is optimized in the small isolated stability range
corresponding to 114 < D < 117mm, for 210 < 9 < 230, where round spots
a few microns in diameter are obtained. Because of the restricted
dimensions of that stability region, the parameters of the laser cavity
are accurately defined. For a given angle 0 (210 < a < 230), the beam
waist (in the absorber) is a monotonous function of the mirror spacing
D, making it possible to study the operation of the laser a a function
of absorber saturation.

All ti'e parameter (angles, mirror distances, positions of the
image of the fluorescence spots) of the laser having been predeter-
mined, the laser alignment follows a systematic and straightforward
procedure. Using a 0.7 mm thick beam splitter, a very small amount of
positive dispersion is needed to compensate the small phase modulation
in the strongly saturated absorber dye, resulting in a stable mode-
locked train of pulses as short as 50 fsec.

The "colliding pulse" effect can be investigated by changing the
relative length of the two arms of the antiresonant ring, as sketched
in Fig. 2. As the beam splitter is moved away from the position corres-
ponding to the symmetric ring, the threshold pump power for short pulse
operation remains constant in a 800 micron wide region. It is only for
large-- departures from the "equal arms" condition that this threshold
power is seen to increase from 1.7 to 3.5 W. If the pump power is
maintained at 3.5 W, none of the following parameters of the laser is
affected by departing from the symmetric ring: the pulse output power,
the intensity autocorrelation, and the losses of the antiresonant ring.
Below the "threshold power for short pulse operation", the laser output
consists in a train of long (psec) bursts of noise. It can be concluded
that the "colliding pulse operation" is important in reducing the
threshold for stable mode-locked operation, and in the formation stage
of the steady state pulse from noise.
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DESIGN OF A 50 FSEC LINEAR LASER, AND ANALYSIS OF THE

COLLIDING PULSE EFFECT.

SUPPORTING MATERIAL.

Analysis of existing femtosecond ring lasers led to a fairly
complete understanding of the mechanisms of short pulse generation and
compression in these lasers 1, 2. Accurate diagnostic methods that have
been developed confirmed details (pulse shape and phase modulation) of
the theory 3. It should thus be possible to design a laser based on
that theory. Our main requirements are:

- a minimum number of intracavity elements;
- a cavit,' simple enough to make a complete parametric study
possible;

- tight focusing in the abcorber;
- standing wave saturation;
- an adjustable repetition rate.

Consistent with these requirements, we chose a linear laser cavity
tor-:,inated by an antiresonant ring 4 (Fig. 1). Imposing a spot size of
a few microns in the absorber results in a beam size of 4 mm on the
focusing mirrors, therefore a minimum angle of incidence on these
mirrors, hence a large astigmatism. The latter effect appears to
conflict with the tight focusing requirement. Analytical calculations
of the empty geomietrical cavity show that the astigmatism at the
absorber jet can be compensated by that at the amplifier arm. A stabi-
lity diagram is plotted in Fig. 3, for radii of curvature of 7.5 cm at
the amplifier jet, 3 cm at the absorber jet. No stable cavity can be
designed for 13.50 < E < 17 o. While the first stability region is very
large, it is only at the edge of this region that a minimum beam waist
(in the absorber) of 50 microns can be calculated. In the very small
stability region corresponding to 114 < D < 117 mm and 21 o < e < 23 0,
the beam waists are circular, with a minimum diameter of a 4 microns.
The calculation of the cavity is complemented by calculations of the
size and shape of the beam in the amplifying jet. Because of the large
astigmatism in that arm of the laser, the pumping geometry (focal
distance of the argon laser focusing mirror and angle of incidence) is
calculated to match the size and shape of the dye laser beam in the
amplifier jet.

The (empty cavity) laser has a threshold of 400 mW (2% output
coupling). With the saturable absorber, the laser exhibits the stable
mode-locking behavior typical of ring lasers. The pulse duration has a
sharp minimum of 50 fsec for an optimal amount of intracavity glass.
However, iterative fitting 4 of the pulse spectrum (fig. 4a), the
interferometric autocorrelation (fig. 4b) and the intensity auto-
correlation (Fig. 4c) lead to an asymmetric pulse shape with a residual
nonlinear phase modulation (in contrast to the measurements with the
ring laser). It is therefore expected that even shorter pulses could be
generated with this laser design, with a better match of the
intracavity dispersion and phase modulation.

Since we observe that the two arms of the AR ring can be out of
4_ balance by as much as 0.8 mm, one may question the need for a

"colliding pulse" configuration. For the case of astigmatism compensa-

3
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Ki tion at the asrethe folded cavity obtained by removing the beam
splitter (and adjusting z) is geometry identical to the Afl ring cavity.
Identical intensity autocorrelation traces are obtained with that
cavity, which is essentially the same as that used over a decade ago 5.
However, the stability is reduced, and the threshold a factor two

Figure 4a
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Figure 4b
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Multiphoton ionization under sequential excitation by coherent pulses
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The use of pulse sequences offers a solution to the conflicting requirements of spectral selectivity
and high peak intensities needed to study multiphoton processes. In addition, it is shown that
,:ndop-rather than regular-pulse sequences can provide unique information on the influence of

,oherence on i rcsonant multiphoton process, because the coherence can be adjusted independttly
ifthe resonance condition.

1. INTRODUCTION statistic), will be shown to have several advantages over
other methods of studying the influence of source coher-

A:tention has been drasn in recent years to the possible ence on a multiphoton resonant process. As an illustra-
ise of pulse ;tequenc.s to enhance quantum beat phenome- tive example for the latter we have chosen multiphoton

na in molecules.1 or to selectively enhance weak spectral ionization in a metal vapor in the presence of a two-
lines. Phase shifts in the light field for a single pair of photon resonance.
pulses can be used to distinguish between single and mul-
tiphoton processes. 3  Statistically distributed phase ii. THEORETICAL MODEL
switching on a cw field can give it the spectral and driv-
ing characteristics of a line-broadened source.4 Here we We consider an atomic system in conditions of two-
discuss an application of pulse sequences in the area of photon resonance with electromagnetic radiation at w,
laser-driven reactions. We choose as an example multi- which can be ionized with a single-photon transition from
photon ionization of atoms. However, the approach used the upper state (Fig. 1). The evolution equations for the
here applies also to multiphoton dissociation of components of the density matrix for an exciting electric
molecules-which has been the subject of extensive field of slowly varying amplitude 6' can be writteng

-theoretical investigation 5-- or to any other process depen-
dent on the absorption of several photons. F 1

Two types of sequential excitation will be considered: iai 2 = - 1i +X iri_-(o~z-att)d' ,

deterministic and statistical. The motivation for using a T2  2

sequence of identical pulses with a well-defined phase re- 6.,- t=4Re i -(2)
lationship is to combine the spectral selectivity offered by -

a regular pulse train with the high peak intensities of pi- 6i + I .I = -7,20122 (31
cosecond pulses, which are needed to excite higher-order where T_ is the phase relaxation time and r.=2,& the
processes.

A dimension of nonlinear mechanisms that is subject to photoionization rate from the upper level 2, and
experimental test is the coherence or lack of coherence in is the frequency detuning from reso-

the process. But, as we discuss below, the single-pulse ex- tance, including the Stark shift /=With the

perim en ts th at h ave been the m ain stay o f th is area p rovid e andnegetin g relax ai oand i o niz a n d h E 2 = 2 4 -

a fairly limited test of coherence. Multimode versus and neglecting relaxation and ionization, the equations

single-mode operation has been used' to \,ary the "coher- can be rewritten
ence" of the laser source. This procedure has the disad- 0 = -iI.Q - WE, (41
vantage of varying the bandwidth-hence the resonance
condition-simultaneously with the pulse coherence. We W--- RcE 2.Q *5i
will show how a sequence of pulses of controlled phase
can he used to vary the source coherence without affecting Ei n the nit co r nil itertd ie
its central frequency or its spectral width. Equation (4! can he formally integrated, yielding

By choosing the delays and phase between pulses to fit Qa,, _. t,
a chosen statistical distribution we can study how a muli-
photon proem is affected by those statistics. Such a*u ap- After a pulse has passed , -,r)=E,tl11), where

proach, of averaging many measurements %ith a predeter- E2 p(l I is the Fourier transform of EI(t). From the con-
1 lk" .1*qa fl.'%s it- fit I 1 "I ' ll o horen s -:ition r,,.ition 0 W 2 - 1.

% . . .° -.... .;e' " -"- -d'", '-'-"-'," -', , ,," .' ..", -" ''-"., --'''\+.°','" .- '- '.:-- - -' - -',"- .'- -. . - .
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: -where 0= f E 2dt is the "pulse area" or tipping an-
.' : ) ",",2gle of the pseudopolarization vector in the vector model

of the two-photon resonant interaction. 9"' 1

The expressions above hold in the approximation of
K2 2 weak excitation (0 small), no Stark shift (or any Stark

shift but square pulse excitation). We see that both the
absorption and the photoionization reflect the excitation
spectrum. The photoionization spectrum is simply a frac-

U'ii tion (proportional to the pulse area) of the Fourier spec-

FIG. 1. Leel diagram. trum of the Rabi frequency (which is, in this case, propor-
tional to the square of the exciting electric field).

1- * =-2WoAW=2AWI, (7) 111. COHERENCE AND SPECTRAL
CHARACTERISTICS

%here AJ,'= W(t W(t=O). Combining Eqs. 6 We will consider now more specifically the spectral
and ;7 gives the energy absorbed by the two-level system characteristics (i.e., number of ions versus frequency) of

2W - Ej(AW) 2 i8) an excitation mode of a sequence of pfiises. In general,
even if each individual pulse is pure in frequency (real

The number of ions produced is simply the number of amplitude function) the sequence of various pulses will be
'oratoms" I -ur,(t = .C )-Goj(t = x) in the system of1- -represented by a complex function E (because of the rela-

Eqs. (1 -, 3). The number of ions can also be estimated by tive phase between pulses). A general property of the sys-
integrating the ionization rate tern of Eqs. (4) and (5) is that W-which determines in

E -,,dt. (9) first approximation the photoionization-remains un-
f.E.... changed under a transformation E-E, Ioj--.-I

For small population transfers, o,,= A W and [indeed, under this transformation Eq. (4) is transformed
in its complex conjugate and Eq. (5) remains unchanged].

.nV.. = f f E -AlW(t)dt . l10) This symmetry implies that the photoionization spectrum
Replacing AW by its average value W( o /2, of a single unchirped pulse (E real) is symmetric. The

, "0symmetry is broken, however, in the case of a sequence of
IV. 7 Y iE2F( ) , (I1) pulses with a phase difference Ad different from 0 to -r,

0

:1
0

two
.

o

o Ii

.4.GC 8.0* 2 • 6 /10 4. C') 8.00 3 _00 35.00

PHASE

FIG. 2. Plot of the spectral intensity for a sequence of ten identical square pulses. as detined in Eq. (S).
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that of the excitation pulses. In fact, the photoionization V. IONIZATION BY A RANDOM PULSE SEQUENCE
curves show all the characteristic features of a Fourier
spectrum: the overall width is related to I/r, an increase An incoherent field can be described by a density ma-
of the phase difference between pulses shifts correspond- trix corresponding to an incoherent superposition of
ingly the photoionization spectrum, and the width of the coherent states."' We choose to use for this superposition
individual peaks in the photoionization spectrum de- a series of identical pulses with a random distribution of
creases with incre..,ing delay het.en pulses. delays and phases.

The Stark shift introduces an additional complexity by Under certain conditions a large number of experiments
esentially creating a different resonance condition during performed with a few pulses, for which the relatise delays
and between pulcs. This effet is demonstrated by the are distributed according, for instance, to a Poisson statis-
,imple example of a sequence of two square pulses showsn tics, will have the same average result as the same experi-
in Fig. 4. Increments of delay between the pulses by mul- ment perform-. once with a very large number of pul..s,
tiples of 2.r/ Stark shift) produce the -same number of ions distributed according to the same statistics. The acrage
at relonance and at a detuning from resonance equal to time between pulses has to be shorter than the coherence

the Stark shift. Departure from the simple approxima- time of the particular resonance under investigation. We
tions [Eqs. 6 - 10)] will be particularly significant for demonstrate next that, if the pulses are randomly distri-
large-area pulses. "'Photoionizaton spec'roscopy" with a buted, the time evolution of the system driven by a Ne-
sequence of largc-arca pulses v ill enable a direct measure- quence of identical pulses is proportional to the number of
ment ot the photosonization rate from the upper state pulses and to the total fluence delivered, as expected for
,hrough the width of the indi~idual peaks. Indeed, as incoherent excitation. If, instead, the pulses are applied in
Al.n. i.n F:. 5. h .,th .-C each peak in die photoioni- phase and. for intance, in the condition of two-photon
zation spectrum is ,,cr' to increat= with the transition r.,te resonance, the absorption by the system is proportional to
to the continuum. It is interesting to note ;Fig. 5) that the the square of the number of pulses. For demonstration
peak tizatiot is . f'n:'r r the himher ionization rate. purposes let us consider near two-photon resonance
The reduction in peak ionization r:tc is due to the in- tE'>>Aw) and weak pulses such that the approximation
creased dephasing associated with the transition rate to lVW!l,W can be made in Eq. (4). Each of the pulses- of
the continuum, resulting in a decrease in coherent excita- ..area" .= fiE2dt produces an increase in polarization
titn of the upper le, .6

Q =W170exp(i) 6 16)

PULSE "AREAV:3 If the pulses are all in phase 'pulses equally spaced and in

2V- -35% phase), .0 is a constant angle, and after N pulses,
Q =N.0 and the energy absorbed It" is proportional to

-- -0.017I 0.44 the square of the number of pulses:

ii. w= W-17,
* . W

If the distribution of pulse delays is random f Awjr,/ << I).
then the phase in Eq. (i) is a random variable and the vec-
tor Q makes a random walk of N steps AO in the complex

I plane, starting from the origin. The resultant polarization
) is Q =N. and the energy absorbed is proportional to

"- Ithe number of pulses:

' " ~~W = N _0-,

:." / \It should be noted that by using a sequence of' pulses we
"-_ " ,/ \ . can compare coeet[si 1)7)1 versus incoherent

S-[as in Eq. (11 excitation. under the same conditions of to-

,,-.220 240 260 280 tal fluence and peak intensity. As expected. it is only in
i:"[PULSE FREQIUENCY Insec "1]  the case of incoherent excitation that tile c~olution of tile

,-,-'. system can be simpl proportional to the to tal fluentce
%.-. I .Y igepa fteim a~n etu % m n delivered. The intensity dependence of' ?he multlphoton

[a . gular frequent.' in nec ) or two different ionization rates. process is not invoked in comparing the incoherent %,t.r,,tsr ot 't le exciting field constts ofa sequnce ften Gaussan pule%. coherent cate. Th a bove consideration still hold in the
-of 0.01 n,,ec' duration , VI M . nd area 0-: f E. . The more general cease of a niphoton tranition. ehr ont

successive pukes are [.4 out of phase. The ecihnm paramutnrdertfequency in V
difference is a generalized Rbi equecy it Eis qna-

are the same a in the preceding figures except for tae eomza- . o re ain that th f
tIn rates E' eing o der Th The cale it) the right cor-ns s1n- ytc can bemain p naltd th tt:d flu
.responds to the ionaton rate of .07E- --. while the in the approximation E" >>Aw, and no intermediate level

.lcare t) the left pertains t o the higher ioization rate of 0i44En resonance, coherent excitation is characterized hy all a-
sorecd energy proportional to he qure of the nu 1er of

.u,;.s-i-e pf p.,.t. ;i;.r.c is - -enral.e h ui
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pulses, while the absorption is directly proportional to the cillating modes is varied by changing the bandwidth of
number of pulses in the incoherent case. the cavity. Therefore, the parameter coherence cannot be

In order to study the influence of source coherence on controlled independently of the resonance condition, since
%the photoionization spectrum of lithium we calculated the the spectral width of the laser source increases with de-

number of ions as a function of pulse wavelength for a creasing coherence. In the approach used here, however,
coherent and an incoherent sequence of ten pulses (Fig. 6). the laser coherence is modified at constant bandwidth.

The "incoherent" curve (solid line. Fig. 6) corresponds to since the spectrum of the pulse sequence is contained
an average of 500 pulse sequences, each with a different within the spectrum of a single pulse.
set of relative delays taken from a Poisson distribution. It is interesting to note that in a recent experimental
The relative phases are uniform random numbers between study of four-photon kthree-photon resonant) ionization of

0 and 2- The total area in each sequence of pulses is 1. caesium atoms, Lompre et al.' found also an increase in
As can be seen from Fig. 6, the photoionization from a the width of the spectral dependence of the ionization for
coherent sequence ien pulses equally spaced. relative incoherent versus coherent excitation. The hyperfine
phase -7-2 dashed line in Fig. 61 can be much larger than structure of the resonance is still observed in coherent ex-
that of tie incoherent excitation. This result may appear citation, while it is not in the incoherent case (Ref. 7, Fig.
to he in contradiction vwith experimental results of 8). However, in that particular experiment 7 the coherence
Lecompte t a!.." on the influence of coherence on multi- was varied by changing the number of modes of the laser
photon excitation. In the ccse of hzonresorant V photon and comparing data for the same average intensity.
ionization of at,,,ns reported in Ref. b, the ionization Therefore, temporal fluctuations make the peak intensity
probability is proportionai to the Nth power of the laser highest in the incoherent case, resulting in a higher ioniza-
intensity .ind theref'ore %er scnsttike to the transient in- tion in the incoherent case than in the coherent case. In
tensity peaks that occur in a multinode la:,er pulse. The an experiment in which the coherence is varied by varying
,ependence of multrphoton ionization on laser coherence the temporal distribution of identical pulses, as suggested

sa ,tu'dicd by ,:!rying the number ,.0' oscil!ating laser here, the peak intensity as well as the spectral bandwidth
"ca'ity mo-des bctween 'ne and one hundred. It has been remain constant, while the coherence is modified within

-st:mated' that. in that case, a 20-mode laser is a good the pulse spectrum.
-" . approximation of an incoherent source. The situation is Photon statistics. Let us consider a limiting case where

more complex in the ease of resonant multiphoton ioniza- each pulse of the sequence contains only one photon. The
' tion as we are considcring here. Indeed, the number of os- "pulse sequence statistics" is then nothing more than the

photon statistics of the radiation field. The number of
-_ _ __-_ _pulses X is now the number of photons in the excitation,

-------- ----- Sequence of 10 Pulses 90' out of Phase each of these photons kiu driving coherently an n-photon10 Pulses resonant s~stcm i.e., a two-level system of energy n fka).
Rt"nSuecofFor instance, in the simple argument at the beginning of

this section, the elementary increment of the n-photon
0.5 r !off-diagonal element becomes

A\0 E ndt = q(frw)n" 2"  (19)

- 1 1 being a proportionality coefficient.

.- L7.It should be noted that the photon energy does not ap-
pear explicitly in any calculations carried out in the slow-
ly varying envelope approximation (SVEA). The statisti-

cal sequence of identical macroscopic coherent pulses
(each of them being a coherent superposition of M pho-
tons) interacting with the n-photon resonant atoms is

___-___..__ identical (within the SVEA) to a "photon statistics" in a
"0 10 5 fictitious world where Planck's constant is .1111. The tran-

sition frequency %,t fJt=n o is in the condition of n-
DETUNING (GHz) photon rsonance with each pulse (Mf)0 ,n (Mra).

."FIG. €. Iiation '.s angular frequency tnscc for a s- Since Planck's constant appears only implicitly (in the

quence of ten pulse,. Fach pule is Gaussian shaped of area 0. 1. scaling of the generalized Rabi frequency in the
The sohd ine corresponds to a random puo,,e .,cquCnce. the theoretical model, all the equations of the theoretical
("I.ishcd line to a ,cqucnce of' equally spaced O.09) n1,ce pul'c., model remain unchanged by the "transformation." The
e:ich 90' out of' phase %ith the former. Each pulsc of the se- elementary increment of the off-diagonal element for the
quncer is, Ga us,,ian. ith a duration il 0.01 e n wt' VIM' ioh standard pulse of the train can also be expressed in terms
statistical result i io,,.nied hv takina the ;taerae o' 5M0 of the "pseudophoton" energy (.1f1,, in a similar way as
excitations," each %ith a itwqucnce of pulses distributed in rela- in Eq. (19):

ttvc dein according to a Poi,on distribution. The relatise =-- ("dt = fio .'20)

phases htween pulses are taken to be random numbers btiiseen
0 and Z.-. The inediun parameters are the same as for Fig. 2. This similitude offers an intuitive justification for the use
The average delay between pulses is ).O n1sec. of a pulse sequence to study the statistical response of a

6 -. '
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multiphot on resonant svstem. We are essentially creating
a "pseudophoton statistics." This concept is legitimized
because Planck's constant does not appear explicitly in
this formalism ie., the photon energy is still small com-AB.- AA
pared with the total excitation energy). Since the modelt
of the pseudostatistics concept is equivalent to the theoret- o
ical model used in See. III. it doe--s not bring any new lightL
to the problem. However, it offers a convenient interpre- FIG. 7. Sketch of an interferometric delay line to split an in-

tation to the approach that is being taken here, to study put pulse into a sequence of three identical pulses. If the beam

coherence effects through the use of pulsc sequences. splitters A and B have, respectively, a reflection coefficient of
0.68 and 0.32, the successive pulses follow the paths AIR, ALE..

VI. EXPERIMENTAL CONSID)ERATIONS and .40L.4LB and each carries 22% of the oriainal beam.

In this section we briefly discuss the experimental im-

plementation of the excitation scheme discussed above. The shorter the waveleng-th, the more difficult it is to
The use of a Mach Zchnder interferometer to generate cotlthreaiepsefpueswhotcldly
two-pulse sequences has been demonstrated in a study of lis.A noeeairtepracpooedhea-

plir.s. Optcs dete layser thet apithc pnteoeroetei her-p

po.1,4 spia e ay contro the t relterphasen deac- ing, for instance, the use of picosecond C02 lasers,-5 for
curacy were usdto'cnrlterltvphsaddly which coherent pulse sequencing (i.e., pulse sequencing
between pulses. A He-Ne laser was sent through the same while maintaining the relative phases) would he particu-
Mach Zehnder interferometer to monitor the optical de- larly easy.
lays 'thence the phases) with suhwavclength accuracy. A
series of optical delay lines can generate multiple-pulse se-ACNWEGE S

quences. Instead of Mach Zehnder interferometers a cas-

cade of N optical delay lines as sketched in Fig. 7 can be The work was supported by the Air Force Office of

*used to generate a 3.N-pulse sequence. For a beam-splitter Scientific Research (AFOSR) under Grant No. 820332,
rcflectivity of R =oS%. cach "module" of Fig. 7 produces The Robert A. Welch Foundation, and the National Sci-

a series of three identical pulses, each carrying 22% of the ence Foundation tunder Grants Nos. Nb ECS-8406985 and

input pulse energy. CHE-8203966.
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